Tiopronin-protected silver nanoparticles (aVerage diameter ) 5 nm) were partially displaced by (2-mercaptopropionylamino) acetic acid 2,5-dioxo-pyrrolidin-1-ylesters via ligand exchange, and the succinimide-terminated silver particles were bound to amine-labeled Dextran 3000 (1 amine/per chain) or Dextran 10 000 (2.5 amine/ per chain), respectively. The particle-Dextran 10 000 adducts were self-aggregated by interactions of multiple amines on Dextran and multi-functionalized ligands on the particle. The transverse plasmon band was blue shifted while the longitudinal plasmon at 575 nm increased, corresponding to the compact aggregation of particles. The particle-Dextran 3000 adducts, which were not aggregated, were coupled to Concanavalin A (Con A) to facilitate the aggregation of particles. The aggregated particles displayed an absorbance spectral change depending on the mole ratio of Con A/particle-Dextran 3000. The particle-Dextran 3000 adduct was released by a competitive complexation of glucose. This process was monitored by both the change in plasmon absorbance and wavelength, with the glucose concentration. The aggregation and dissociation of Con A/particle-Dextran complexes were also verified by TEM images.
Introduction
The ability to measure glucose levels in blood is an important diagnostic tool. 1,2 Numerous efforts have been undertaken with noninvasive methods to ideally render minimal discomfort for patients. 3, 4 One such approach used fluorescence spectroscopy to investigate the effects of before and after binding blood glucose to labeled organic compounds or superstructures. 5 Concanavalin A (Con A), a well-known glucose binding protein, can also bind to polysaccharides. 6 The bound polysaccharide can be released from the Con A-polysaccharide complex by a competitive complexation of glucose, resulting in an obvious change in fluorescence intensity or lifetime if the Con A and polysaccharide are respectively labeled with donors and acceptors. 7 Metallic nanoparticles are most suitable as nanoscale supports for binding biological materials to develop next-generation superstructures. 8, 9 The particles have a characteristic plasmon absorbance when the core diameter is larger than 2 nm, 10,11 and the plasmon absorbance is sensitive to the surrounding medium and expected to change when the particles were aggregated. 12 Such features could be useful for simple carbohydrate detection (Scheme 1). The particles, bound to amine-labeled Dextran, were aggregated on the Con A to yield Con A/Dextran-particle complexes. Using the particles as chromophores, the complexes were dissociated and the Dextran-particle adducts were released by the glucoses through a competitive complexation process, corresponding to the absorbance spectral change. This process may be expected to be used in glucose detection and the development of a novel glucose sensor.
The particles were required to have only a small quantity of functionalized groups on the metallic cores to prevent direct chemical binding between the particle and Con A. Organic monolayer-protected metallic nanoparticles have particularly interesting characteristics such as easy preparation, chemical stability, and quantitative controlling of their multiple functionalization. 10, 11 The sizes of metallic cores are controlled in an aVerage range of 1-10 nm by using various mole ratios of organic thiol derivative/metallic salt in the preparation. 13 The absorbance intensity and wavelength are sensitive to the core size and composition of the monolayer. 14 The particles can also be suitably decorated by dye molecules either within/or on their monolayers, 15, 16 and the biological superstructures from particles can be determined simultaneously by the absorbance and luminescence spectra.
N-(2-mercaptopropionyl)glycine (tiopronin) monolayer-protected silver particles, which have been reported to display a high stability and solubility in water, 17 were prepared. Thiolate succinimide ligands were partially displaced to the monolayer coated on the silver core by ligand exchange (Scheme 1). 13 The mixed-monolayer particles were chemically bound to Dextran 3000 (1 amine/per chain) to produce a particle-Dextran adduct. 18 They were also bound to Dextran 10 000 (2.5 amine/ per chain) as a controlling reference. The particle-Dextran 3000 adducts were aggregated on the Con A, and the particleDextran 3000 adducts were released by competitive complexation of glucose. The complexation and releasing were monitored by optical density measurements, which could provide a novel approach to detect aqueous glucose. monitored by thin-layer chromatography on 0.25-mm Merck silica gel plates (60F-254), while Baxter silica gel 60Å (230-400 mesh ASTM) was used for flash column chromatography.
Synthesis of (2-mercapto-propionylamino) acetic acid 2,5-dioxo-pyrrolidin-1-ylester. Condensation between tiopronin and N-hydroxysuccinimide occurred with 1,3-dicyclohexylcarbodiimide (DCC, 1.6 g, 8.0 mmol) as the condensation reagent. 19 A mixture of tiopronin (1.12 g, 6.3 mmol), N-hydroxysuccinimide (0.73 g, 6.3 mmol), and DCC (1.6 g, 8.0 mmol) in 50 mL anhydrous THF was stirred at room temperature for 24 h. Removing the unsolvable solid by filtration, the solvent was removed under rotator evaporation. The residue was separated by chromatography on silica with CH 2 Cl 2 / methanol (v/v ) 10/1) as eluent. The product was 0.52 g and the yield was 32%. 1 Tiopronin-coated and Mixed Monolayer Silver Nanoparticles. Tiopronin-coated silver nanoparticles (particle 1) were prepared using a modified Brust reaction 11, 20, 21 with a mole ratio of tiopronin/silver nitrate ) 1/1 in methanol. In a typical reaction, AgNO 3 (0.68 g, 4.0 mmol) and tiopronin (0.65 g, 4.0 mmol) were codissolved in 50 mL methanol. NaBH 4 (1.5 g, 40 mmol) in 20 mL of methanol was added dropwise with rapid stirring at 0°C. The black suspension was stirred for an additional 1 h, then isolated on a Millipore porous filter (FHLC04700, 0.45 µm), washed with an excess amount of methanol, and dried in air. The particles were dissolved in water. The mixed monolayer nanoparticles (particle 2) were obtained by stirring a solution of particle 1 and thiolate active ester in methanol/water (v/v ) 1/1) containing 1:5 mole ratios of thiolate active ester:tiopronin on particle 1 for 72 h at room temperature. The solvent was removed under vacuum and the residue was washed with methanol to remove uncapped thiolate compounds. The mixed monolayer compositions were assessed by 1 H NMR spectra with mole ratio of double methylene on the succinimide/ methyl on the tiopronin. 10a
Coupling with Dextran (3000 and 10 000). The particles 2 (20 mg, 4 × 10 -5 mmol) were chemically bound to the Dextran 3000 (10 mg, 3.4 × 10 -3 mmol) by stirring in 100 mL water for 24 h at room temperature. The mixture solution was concentrated to 20 mL under vacuum and dialyzed using a dialysis membrane (MWCO 8000) against water to remove uncoupled Dextran. The particles 2 were bound to the Dextran 10 000 in a mole ratio of Dextran/particle 2 from 1/20-20/1. Dextran was not furthermore removed from particle-Dextran 10 000 adducts solution for absorbance measurement or casting on the grid for electron micrographs (TEM) measurement.
Complexation with Con A and Dissolution by Competitive Complexation of Glucose. The particle-Dextran 3000 adducts (particle 3, concentration ) 1.5 × 10 -6 M) were mixed with different concentrations of Con A (1.1 × 10 -8 -3.4 × 10 -6 M) to yield Con A/particle-Dextran complexes. The Con A/particleDextran 3000 complexes (particle concentration ) 1.5 × 10 -6 M) were dissociated by a competitive complexation of glucose in a range of concentration between 1.1 × 10 -7 -4.7 × 10 -5 M. The particle-Dextran adducts, which were released in the glucose binding, were monitored by intensity and wavelength changes of plasmon absorbance.
Spectra. 1 H NMR spectra were recorded on a GE-QE 300 spectrometer. Absorption spectra were monitored with a HewlettPackard 8453 spectrophotometer in a 1-cm cell. Transmission electron micrographs (TEM) were taken with a side-entry Philips electron microscope. Samples were cast from water solutions onto standard carbon-coated (200-300 Å) Formvar films on copper grids (200 mesh) by placing a droplet of a ca. 1 mg/mL aqueous sample solution on a grid, waiting 5 min, and removing excess solution by touching a small piece of filter paper to the edge of the grid. The grid was dried in air for 24 h.
Results and Discussion
Although both the tiopronin and silver nitrate are soluble in methanol, the final tiopronin-coated silver particles (particle1) were precipitated from methanol solution, and dissolved in water. 20 Because of an excess amount of NaBH 4 in the preparation, the particles 1 were expected to exist in the deprotonated form in water. When the solution was adjusted to pH ) 3, the particles began to precipitate from water, indicating that the protonated particles had a poor solubility in water.
The particles 1 showed a poly-dispersion of size on TEM image ( Figure 1a ) and the aVerage diameter was estimated to be 5 nm from the Histograms. Hence, the particles were determined to have an aVerage composition of Ag 1082 (Tio) 453 (molecular weight ) 185 000) prior to ligand exchange. 13 The SCHEME 1: Preparation, Aggregation, and Competitive Dissociation of Silver Particles succinimide-terminated particles (particle 2 in Scheme 1) were prepared by ligand exchanges to ensure that the functionalized ligands were displaced mildly onto the particle without a strong reduction of NaBH 4 and the functionalized ligands were controlled in a small amount. 10a The composition of mixed monolayer was determined by 1 H NMR spectroscopy. 11 It was shown that about 5% tiopronin ligands were replaced by the thiolate active esters, so that the particle 2 had an approximate composition of Ag 1082 (Tio) 429 (ester) 24 .
The particle 1 exhibited a plasmon maximum at 453 nm in water (Figure 3 ). After dialyzing with an RC dialysis membrane (MWCO 8000) against water, the particle had a blue-shifted plasmon absorbance at 410 nm, indicating that the particles 1 were aggregated slightly, which was ascribed to ionic interaction between the negatively charged surface of particles and salt cations in solution. No aggregate could be observed on the TEM image ( Figure 1a) , implying that the aggregation was weak. When the tiopronin ligands on the particles 1 were partially displaced by the thiolate active esters, the plasmon absorbance of particle 2 was shifted to 418 nm, suggesting that the plasmon absorbance was sensitive to the composition of the monolayer. The particle 2 displayed a TEM image analogous to the particle 1 with an aVerage core size of 5 nm, showing that the ligand displacement did not change the core size.
The terminal succinimides on particle 2 were chemically bound to the amine on Dextran derivatives to yield the particleDextran adduct. Because there were multiple active esters on the particle 2 and only one amine on each Dextran 3000 chain, one particle was expected to bind more than one Dextran 3000 chain (particle 3). In a typical binding reaction, the Dextran was on the particle three times relative to the succinimide to ensure that the most active esters on the particles were consumed to bind with Dextran. The particles 3 were individual without aggregation. The TEM image of particle 3 (Figure 1b) , which had an aVerage diameter of core was 5-6 nm as determined from the Histograms, verified this point. The particle 3 showed a red shift of plasmon absorbance to 426 nm (Figure 3) , which was principally ascribed to the coupling of Dextran on the monolayer of the particle.
To investigate the interaction of the particle 2 and Dextran, the particles 2 were also bound to Dextran 10 000 (aVerage 2.5 amines/each chain) as a controlling reference. Contrary to the particle 3, the particle-Dextran 10 000 adducts (particle 4) involved an obvious aggregation of particles, which could be outlined by a TEM image (Figure 2a ). Meanwhile, the particle 4 displayed a blue shift of plasmon absorbance to 403 nm and a simultaneous rising at near 575 nm (Figure 4) , verifying that the metallic particles were aggregated. 12 If the absorbance at 403 nm was ascribed to transverse plasmon, the absorbance at 575 nm is subsequently ascribed to the longitudinal plasmon band. The aggregation was dependent on the mole ratio of Dextran 10 000/particle 2 (1/20-20/1) in solution. The absorbance of the longitudinal plasmon at 575 nm was enhanced with an increase of Dextran 10 000 until the mole ratio of Dextran 10 000/particle 2 ) 3/1 (Figure 5 ). When the Dextran/particle mole ratio was 10/1, the succinimide/amine mole/ratio was estimated as about 1:1, and almost all aggregates were precipitated from solution with a negligible absorbance, suggesting that the aggregation was most efficient at this optimal ratio. Beyond that, the aggregate became water-soluble again. The decrease of longitudinal plasmon indicated that the aggregation was not so compact. The absorbance ratio of A 575 /A 400 was plotted against the mole ratio of Dextran/particle 2 ( Figure 5 ) and showed an analogous trend to the absorbance at 575 nm. The aggregation took 96 h to reach absorbance saturation, showing that it was a slow reaction. The steric hindrance took an important role in approaching, binding, and aggregation for the particles with the Dextran 10 000.
The particles 3 were not able to self-aggregate because of the single amine on each Dextran 3000 chain. They were coupled to the Con A by complexation, which led to their aggregation. At a mole ratio of particle/Con A ) 0.5, the aggregates could be outlined clearly by TEM image (Figure  2b ), indicating that the Con A was an efficient aggregation reagent. The aggregation depended on the mole ratio of particle/ Con A in solution, which could be verified by the absorbance spectral change (Figure 6 ). At a low Con A concentration (particle ) 1.5 × 10 -6 M, Con A ) 1.1 × 10 -8 M, mole ratio of particle/Con A ) 1.4 × 10 2 ), the plasmon absorbance was blue shifted to 406 nm. With an increase of Con A concentration (Con A ) 1.1 × 10 -7 M, mole ratio of particle/Con A ) 14), the wavelength began to red shift and return to a wavelength close to that of the particle 3. The wavelength was red shifted to 436 nm at a higher Con A concentration (3.4 × 10 -6 M, mole ratio of particle/Con A ) 0.5). The plasmon shift could be ascribed to the different aggregation states of particle 3 with Con A. At low Con A concentrations (mole ratio of particle/ Con A ) 1.4 × 10 2 ), the particles 3 were coupled compactly on the Con A and the distance between the particles was shorter than their aVerage diameter. 12 An excess amount of particles also prevented crosslinking between the particle 3 and Con A. With an increase in Con A concentration, the particles became looser when binding on the Con A, and the absorbance wavelength of the complex was close to that of the particle 3 at the mole ratio of particle/Con A ) 14. Further increasing the Con A concentration (mole ratio of particle/Con A ) 0.5) led to an excess of Con A in solution, so that the particles were bound separately on the Con A, leading to a red shifting of plasmon wavelength. The multiple Dextran chains on each particle made it appropriate as a crosslinking reagent to interact with more than one Con A, which was verified by the broadened absorbance ( Figure 6 ). The larger aggregated particles displayed a poor solubility in water, and became completely insoluble at mole ratio of 0.3 or higher, and the absorbance approached 0. The aggregation of particle 3 by Con A occurred much more quickly than the self-aggregation of the particle-Dextran 10 000, due to less steric hindrance for the coupling of particle 3 on the Con A. The less steric hindrance also involved a less compact packing, which resulted in a smaller longitudinal plasmon absorbance at 575 nm.
The Con A/particle-Dextran complexes were sensitive to a competitive complexation by glucose when the glucose was added in solution to form Con A/glucose complexes. The complexes were dissociated to release and the particle-Dextran adducts. When the complex sample had a mole ratio of particle/ Con A ) 0.3, the released particle-Dextran adduct became redissolved in water to cause an obvious absorbance spectral change with the glucose concentration. As a result, the plasmon absorbance was enhanced and the wavelength was shifted back to that of particles 3 with increasing the glucose concentration (Figure 7) . The dissociation could also be verified by TEM image (Figure 2c) , on which the larger aggregates were dissociated into small particles. If the absorbance and wavelength of particles 3 ( Figure 6 ) were used as references, the dissociation percent could be estimated from the absorbance enhancement and wavelength shift, respectively, and plotted against the glucose concentration (Figure 8 ). Two series of data were very close, indicating the calculation was plausible. Because all succinimides on the particle were expected to bind to Dextran, the concentration of Dextran 3000 was estimated to be 4.1 × 10 -5 M when the concentration of particle 3 was 1.5 × 10 -6 M in solution. Each Dextran 3000 was composed of an aVerage 18 carbohydrate units, so the carbohydrate concentration was 7.4 × 10 -4 M. The Con A/particle-Dextran complexes were observed to dissociate when the glucose concentration was 4.7 × 10 -5 M, indicating that the binding affinity of glucose with the Con A was 17 times higher than that of Dextran 3000 on the particle 3.
However, the Con A/particle-Dextran complexes could not be dissociated completely by the competitive glucoses displacement to the particle-Dextran adducts. Even if the concentration of glucose was higher than 4.7 × 10 -5 M, the absorbance could Recovery of absorbance spectra of the particle 3 released by dissociation from the Con A/particle-Dextran complex at various concentrations of glucose in water. change only slightly. This was due to irreversible interactions between the Con A and particle-Dextran complexes. Although most of the succinimides on the particles 2 were believed to bind to the amines on Dextran, there was still a small quantity of the succinimide left without binding, which expected to bind to the amines on the Con A to cause irreversible interactions between the particles and Con A. The absorbance intensity and wavelength could be recovered to 80% relative to the original values (Figure 8 ), indicating that 20% of Con A/particleDextran complexes were influenced by such direct bindings. The absorbance band of the released particle-Dextran became broader relative the particle-Dextran complex, also showing that some particles might not be released completely from the aggregates. The authors herein hope to provide a novel approach to detect and subsequently monitor glucose concentrations. However, much work remains to be done before this approach can be employed in actual sensors. The concentration of glucose in the experiment was below the physiological level (mM in blood), so the competitive complexation approach can be used in the carbohydrate detection.
Summary
Tiopronin and N-hydroxysuccinimide were condensed with 1,3-dicyclohexylcarbodiimide (DCC) as a condensation reagent to yield thiolate active ester. Tiopronin-coated silver nanoparticles (particle 1) were prepared using a modified Brust reaction with a 1:1 mole ratio of tiopronin/AgNO 3 , which had an aVerage core diameter ) 5 nm. Tiopronin ligands on the particle 1 were partially displaced by thiolate active esters to prepare the succinimide-labeled particles (particle 2). Particles 2 were bound to Dextran 3000 (1 amine/per chain) and 10 000 (2.5 amine/ per chain), respectively. Particle-Dextran 3000 adducts (particle 3) were not aggregated because of one amine on each Dextran chain, and the plasmon absorbance was shifted from 418 to 426 nm. Because of multiple amines on each chain, the particleDextran 10 000 adducts were aggregated, and the aggregates displayed a transverse plasmon at 403 nm and a longitudinal plasmon at 575 nm, verifying that the particles were aggregated compactly. The aggregation of particle and Dextran 10 000 depended on the mole ratio of Dextran/particle, with the optimal mole ratio being 10/1 (mole ratio of succinimide/amine ) 1/1). The aggregation was a slow reaction because of steric hindrance. Particles 3 could be aggregated by the Con A, and the aggregation was dependent on the mole ratio of Con A/particle. At a high mole ratio of Con A/particle, the highly crosslinked aggregates were precipitated from water. The Dextran on the aggregates could be replaced competitively by the glucose to release the particle 3. The dissociation of the aggregates, determined by changes in optical density and wavelength, dependence on the glucose concentration. Further studies by our laboratory are underway. Figure 8 . Plots of the dissociation percent of the Con A/particleDextran complex obtained from the plasmon absorbance intensity (b) and wavelength (O) against the glucose concentration.
